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A large vacuum-immersed negative-ion source has been investigated for the development of the 
neutral beam injection system in a large helical device. The structure of the vacuum-immersed 
source is compact and light because it is free from atmospheric pressure. Therefore, this is very 
advantageous for a large-scaled ion source. Moreover, since the grids of the accelerator are 
supported by post insulators, enhanced pumping of gaps between grids is expected, leading to a 
reduction of stripping loss of negative ions. The gas pressure distribution between grids was 
calculated and the stripping loss of H- ions was estimated and the effectiveness of the 
vacuum-immersed source structure was confirmed. The gas temperature effect of the gas 
pressure distribution is also considered by using a Monte Carlo code. 
I. INTRODUCTlOlr( 
A high current negative hydrogen ion source with the 
capability of 45 A at a beam energy of 125 keV is required 
in the negative-ion-based neutral beam injection (NBI) 
system for the large helical device (LHD),’ which is the 
biggest superconducting heliotron/torsatron device in the 
National Institute for Fusion Sciencea 
Development of such a high current negative-ion 
source has progressed recently, especially on the cesium- 
seeded volume production source.3’4 We also have devel- 
oped l/6- and l/3-scaled negative hydrogen ion sources 
for the NBI system in the LHD5v6 and have obtained a 
negative-ion current of 8.5 A in the l/3-scaled ion source6 
and a negative-ion current density of 54 mA/cm2 in the 
same ion source with a small extraction area.7 On the other 
hand, in the present design of the NBI beam line for the 
LHD, the dimensions of the ion source must be small so 
that two ion sources could be mounted side by side in one 
beam line to inject the required beam power through the 
small injection port.’ If we immersed a large ion source 
with an extraction area of 25 x 150 cm2 completely in vac- 
uum, the ion source structure should be light and compact, 
because structural strength against the atmospheric pres- 
sure is not required. We have designed and constructed a 
l/3-scaled vacuum-immersed negative-ion source as a pro- 
totype of the LHD-NBI ion source, and investigated it 
with the negative-ion beam test stand.*-” Since the ion 
source is immersed in the vacuum vessel and the grids are 
supported by ,post insulators, gas pumping of gaps between 
grids could be enhanced, resulting in the reduction of the 
beam stripping loss in the acceleration region. In a 
negative-ion source the stripping loss of negative ions due 
to neutral gas is an important problem. To reduce it is a 
key issue for the improvement of an efficient negative-ion 
source. 
This article describes the design of the vacuum- 
immersed negative-ion source first. Next, the gas pressure 
distribution in the beam acceleration region is calculated in 
detail by the conductance method and by a Monte Carlo 
method. The enhanced gas pumping effect is discussed 
with the view of reduction of the stripping loss. Finally, 
experimental results are briefly outlined. 
II. VACUUM-IMMERSED NEGATIVE-ION SOURCE 
Figure 1 shows a schematic diagram of a large 
negative-ion source immersed in a vacuum vessel. A cry- 
opump with a pumping speed of 450 m3/s is installed to 
keep the gas pressure of the vessel below 3.6 X 10m2 Pa. All 
the electricity as well as the cooling water are supplied 
through an insulated large port on the top of the vessel. 
Due to there being no requirement to vacuum seal, the ion 
source has a modular structure, where six modules can be 
installed. Now two modules have been mounted, that cor- 
responds to a l/3-scaled ion source of a designed one for 
the LHD-NBI system. An accelerator of each module con- 
sists of plasma, extraction, electron suppression, accelera- 
tion, and grounded grids (PG, EG, SG, AG, and GG, 
respectively) with 400 apertures of 9 mm in diameter in 
the area of 25 X 25 cm2. Each grid is electrically isolated by 
post insulators. The cross section of the multicusp plasma 
source chamber of each module is 38 cmWX28 cmL and 
the depth is 26 cm. The magnetic filter is created by four 
tilter rods of 10 mm in diameter in each module. High- 
voltage operation of the ion source including many feeders 
for electricity and water supplies in the vacuum vessel is a 
key issue to be investigated. 
Ill. GAS PRESSURE DISTRIBliTION AND STRIPPING 
LOSS 
We have calculated the gas pressure distribution by the 
conductance method. As shown in Fig. 2(a), gas pressure 
at a position along a beam axis between grids is determined 
by those at the adjacent six positions, an upstream and a 
downstream one along the beam axis, and four neighboring 
ones in the same gap between the grids, using correspond- 
ing gas conductances. A calculation arrangement by the 
conductance method for the vacuum-immersed source is 
shown in Fig. 2(b). Outside the accelerator, the gas pres- 
sure is assumed constant, determined by the gas flow rate 
and the pumping speed. Figure 3 shows the calculation 
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FIG. 1. Schematic diagram of a l/3-scaled negative-ion source immersed 
in a vacuum vessel. 
results of the gas pressure distribution. The calculations 
were made for 800 positions along beam axes for four gaps 
between the grids. The gas flow rate of hydrogen is 2 
Pa m3/s, the gas temperature 293 K, and the pumping 
speed 450 m’/s. The gas pressure distributions in the cen- 
ter of the Y direction along the X direction in Fig. 2(b) 
and in the center of the X direction along the Y direction 
are shown in Figs. 3 (a) and 3 (b), respectively. The edges 
of the Y direction are free and the distances between the 
edge and the nearest hole are the same, 7 mm, for the EG, 
SG, AG, and GG. Thus, as shown in Fig. 3(b), effective 
pumping of the gap space between grids is found and, as a 
result, the gas pressures are decreased toward the edges. 
On the other hand, the edges of the X direction are sup- 
ported by the flanges and the distances between the edge 
and the nearest hole are 164, 146, 122, and 32 mm for the 
EG, SG, AG, and GG, respectively. As shown in Fig. 
3 (a), the gas pumping of the gap space is less effective in 
the X direction. 
The gas pressure distribution along the central beam 
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PIG. 2. (a) Illustration of a calculation model of the gas pressure distri- 
bution by the conductance method, and (b) the calculation arrangement 
by this method for the vacuum-immersed source. Pr, ,, k  is gas pressure at 
position (1, f, k) and cx ,,,, k, Cyi, ,, k, and cz,, I, k  are gas conductances. 
FIG. 3. Calculation results of gas pressure distributions (a) in the center 
of the Y direction along the X direction and (b) in the center of the X 
direction along the Y direction. The gas flow rate is 2 Pa m3/s (for 800 
beam axes). 
axis is shown in Fig. 4, under the same conditions as those 
in Fig. 3. The calculated result of the gas pressure distri- 
bution without consideration of the transverse gas pump- 
ing of the gaps is also shown in the figure. In the central 
region of the grids, the transverse pumping effect is not so 
large due to the large grid area and the small pumping 
effect in the X direction [see Fig. 3 (a)]. The reduction rate 
of the stripping loss of H- ions by the transverse pumping 
effect is estimated at about 93% in the central region of the 
grids, while at about 71% in the outer region in the Y 
direction. 
We  have developed a Monte Carlo calculation code for 
the gas pressure distribution along a beam axis. In this 
code, a gas molecule reflects on a grid according to the 
cosine law, and on a space boundary it reflects as if the 
boundary is a mirror. Figure 5(a) shows an example of a 
gas molecule trajectory and the grid arrangement. The re- 
sultant gas pressure distribution along the beam axis is 
shown in Fig. 5(b) for the conditions where the gas tem- 
perature is constant, 300 K, and the gas flow rate is 
2.5X low3 Pa m3/s (2 Pa m3/s for 800 beam axes). The 
gas pressure distribution is almost the same as that without 
consideration of the transverse pumping in Fig. 4. The 
stripping loss along the beam axis was estimated and the 
survival negative-ion current ratio is also shown in Fig. 
5(b). The gas temperature effect can also be considered in 
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PIG. 4. Gas pressure distribution along the central beam axis. A solid line 
shows the gas pressure distribution with consideration of the transverse 
gas pumping of the gaps and a dotted line shows the gas pressure distri- 
bution without consideration of it. 
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FIG. 5. (a) Example of a gas molecule trajectory calculated by the Monte 
Carlo method, and (b) the resultant gas pressure distribution and the 
survival negative-ion current ratio against the stripping loss along the 
beam axis. The gas temperature is constant, 300 K, and the gas Row rate 
is 2.5X IO-’ Pa m3/s. 
this Monte Carlo code. On a grid, a reflected molecule 
gives its thermal energy to the grid at a given thermal 
transfer rate. On a mirror reflection surface, there is no 
thermal energy transfer except in the arc chamber. The 
results of the Monte Carlo calculation including the gas 
temperature effect are shown in Fig. 6. The flow rate (gas 
temperature of 300 K) is the same as that in Fig. 5 and the 
temperatures of the arc chamber and all the grids are 1000 
and 300 K, respectively. The thermal transfer rate is 0.3. 
The gas temperature and the gas molecule density are 
shown in Fig. 6 (a), and the gas pressure and the survival 
negative-ion current ratio are shown in Fig. 6(b). For the 
same flow rate, the gas molecule density is lower in the case 
of the higher gas temperature. Thus, the stripping loss is 
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FIG. 6. Results of the Monte Carlo calculation including the gas tem- 
perature effect. (a) The gas temperature and gas molecule density and 
(b) the gas pressure and survival negative-ion current ratio. The temper- 
ature of the arc chamber and all the grids is 1000 and 300 K, respectively, 
and the gas flow rate is 2.5 X 10L3 Pa m3/s (300 K). 
estimated lower when the gas temperature effect is consid- 
ered. 
IV. EXPERIMENTAL RESULTS 
Beam extraction experiments have been carried out 
without use of a cryopump. Therefore, the experiments 
were made in low gas pressure and transient gas flow. Un- 
der these conditions, it is very difficult to confirm the trans- 
verse gas pumping effect experimentally. The beam extrac- 
tion characteristics are nearly the same as those of the 
l/3-scaled ion source (a conventional outstanding 
source6) in the performed experimental range. The effec- 
tiveness of the reduction of the stripping loss in the 
vacuum-immersed source will be clear in the cryopump 
operation in the near future. 
V. DISCUSSION 
In order to enhance the transverse gas pumping of the 
gaps between grids, the gap length should be long and the 
distance between the grid edge and the nearest beam hole 
should be shortened. In our ion source configuration, due 
to the grid support flange structure and the short gap 
lengths, the transverse gas conductances are relatively 
small. As a result, gas pressure reduction in the beam ac- 
celeration region is not as large as shown in Fig. 3. When 
the extraction gap is 7 mm and all the grid edge distances 
are 7 mm, the gas pressure reduction rate is 73%, and the 
reduction rate of the estimated stripping loss of H- ions is 
80% in the central region of the grids. At this extraction 
gap, the mixed beam of 30 rnA/cm2 of H- ions and 150 
mA/cm2 of electrons is well extracted at the extraction 
voltage of 10 kV as confirmed by the beam trajectory sim- 
ulation. It is concluded that the vacuum-immersed struc- 
ture is effective for the reduction of the stripping loss of H- 
ions in the accelerator configuration with long extraction 
and acceleration gaps and short grid edge distances. An 
experimental demonstration will be made in a future inves- 
tigation. 
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